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In their bulk form, the transition-metal dichalcogenide (TMD) materials MoS$\documentclass[12pt]{minimal}
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                \begin{document}$${}_{2}$$\end{document}$ are indirect-gap semiconductors^[@CR1],[@CR2]^; however they become direct-gap semiconductors when thinned down to a single monolayer^[@CR3],[@CR4]^. This phenomenon, together with the remarkable valley-specific optical selection rules that emerge in the atomically thin limit^[@CR5]^, has galvanized tremendous interest in the underlying properties of this new 2D semiconductor family^[@CR6]--[@CR8]^. With a view towards future generations of ultrathin devices based on van der Waals assembly^[@CR9]^ of TMD monolayers, a quantitative understanding of their intrinsic material parameters is of obvious and critical importance. For applications in optoelectronics, properties related to the fundamental electron--hole quasiparticle excitations by light---that is, excitons---are particularly relevant: the exciton's mass, size, binding energy, oscillator strength, and lifetime are key variables, as are the dielectric screening properties and the free-particle bandgap of the monolayer itself. These material parameters constitute necessary inputs for any rational design and engineering of functional van der Waals heterostructures.

To date, however, many of these fundamental parameters are still assumed from density functional theory calculations^[@CR10]--[@CR12]^ and have not been experimentally measured. This is particularly true for the exciton masses and the effective dielectric screening lengths in the monolayer TMD semiconductors---essential ingredients for realistic optoelectronic device models. In principle, however, these and other crucial material properties can be directly accessed via optical spectroscopy of excitons in large magnetic fields. As myriad studies over the past several decades have amply demonstrated in III--V, in II--VI, and in various layered semiconductors^[@CR13]--[@CR17]^, the diamagnetic shifts of the exciton transitions in sufficiently high magnetic fields can directly reveal the exciton's mass, independent of any model. Moreover, quantitative analysis becomes especially straightforward and increasingly accurate when the less-strongly bound excited states of the exciton (i.e., the optically allowed $\documentclass[12pt]{minimal}
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                \begin{document}$$ns$$\end{document}$ Rydberg states) are also observable, in which case the relevant dielectric properties of the material itself can also be determined.

Until quite recently, the optical quality of TMD monolayers was typically not sufficient to achieve very narrow exciton absorption lines or well-resolved Rydberg exciton states. However, by encapsulating TMD monolayers between atomically smooth hexagonal boron nitride (hBN) slabs, several groups have shown that the optical quality of TMD monolayers can be dramatically improved to the point where exciton spectral lines approach the narrow homogeneously broadened limit (1--2 meV) and where excited Rydberg exciton states become clearly visible^[@CR18]--[@CR26]^. Consequently, the first magneto-optical studies of Rydberg exciton diamagnetic shifts were performed only recently on high-quality hBN-encapsulated WSe$\documentclass[12pt]{minimal}
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                \begin{document}$$4s$$\end{document}$ states of the neutral exciton were measured and used to determine the exciton's mass, size, and binding energy.

However, the exciton masses and dielectric properties have not been experimentally determined for any of the other members of the monolayer TMD semiconductor family, and general trends have not been established. This represents an especially challenging task for the molybdenum-based monolayers, for which electron, hole, and exciton masses are theoretically predicted to be even heavier than those of their tungsten-based counterparts^[@CR10]--[@CR12]^, potentially requiring even larger magnetic fields. An experimental determination of these basic material parameters is particularly urgent in view of very recent electrical transport measurements in *n*-type MoS$\documentclass[12pt]{minimal}
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                \begin{document}$${}_{2}$$\end{document}$ monolayers that reveal an anomalous and surprisingly large electron mass that exceeds theoretical predictions by nearly a factor of two^[@CR28],[@CR29]^. Whether these unexpectedly heavy electron masses result from interactions in the high-density electron gas, or are instead an unanticipated but intrinsic material property, remains an open and crucial question.

To address these gaps in our current knowledge, here we present detailed magneto-absorption studies of MoS$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${}_{2}$$\end{document}$, MoSe$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${}_{2}$$\end{document}$, MoTe$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${}_{2}$$\end{document}$, and WS$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${}_{2}$$\end{document}$ monolayers in extremely high magnetic fields up to 91 T and at low temperatures (4 K). Magneto-optical spectroscopy provides an important and complementary approach to transport techniques, by allowing to study material parameters in the limit of zero doping. The use of hBN-encapsulated monolayers allows to observe and follow the diamagnetic shifts (and also the valley Zeeman splittings) of not only the $\documentclass[12pt]{minimal}
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                \begin{document}$$ns$$\end{document}$ excitons provide a first experimental measure of the exciton's mass and also the dielectric screening length in these monolayer semiconductors. Remarkably, the exciton masses are heavier than theoretically predicted, particularly for the entire family of Mo-based monolayers. Moreover, from the data we also determine other important optoelectronic properties including exciton binding energies, exciton radii, and free-particle bandgaps. These results, summarized in Table [1](#Tab1){ref-type="table"}, provide essential and quantitative material parameters that are necessary for the rational design of van der Waals heterostructures incorporating 2D semiconductor monolayers.Table 1Fundamental optoelectronic material parameters of monolayer TMD semiconductorsMaterial$\documentclass[12pt]{minimal}
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=======

Samples {#Sec3}
-------

To prepare high optical quality monolayer samples for magneto-absorption studies in pulsed magnetic fields, exfoliated TMD monolayers are sandwiched between slabs of exfoliated hexagonal boron nitride (hBN) using a dry-stamp method^[@CR19]^. The thicknesses of the hBN slabs are selected to maximize the absorption of light by the exciton resonances in the TMD monolayer^[@CR24]^. As shown in Fig. [1](#Fig1){ref-type="fig"}a, each van der Waals structure is assembled directly over the 3--4 $\documentclass[12pt]{minimal}
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We first present and discuss the magneto-optical spectra from the WS$\documentclass[12pt]{minimal}
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Signatures of excited Rydberg excitons in monolayer WS$\documentclass[12pt]{minimal}
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Here we observe the field-induced shifts of the $\documentclass[12pt]{minimal}
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Figure [1](#Fig1){ref-type="fig"}d shows the field-dependent energies of all the absorption features. All exciton states exhibit a comparable Zeeman splitting between the $\documentclass[12pt]{minimal}
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Excitons in weak- and strong-field limits {#Sec5}
-----------------------------------------
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As discussed previously^[@CR27]^, the slope and the separation of the most weakly bound excitons therefore provide unambiguous and increasingly stringent upper and lower bounds on *m*~r~, respectively, in the limit of large $\documentclass[12pt]{minimal}
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Modeling exciton energies with the Rytova--Keldysh potential {#Sec6}
------------------------------------------------------------

More refined estimates of *m*~r~ are achieved by modeling the field dependence of all the $\documentclass[12pt]{minimal}
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Material parameters for monolayer WS$\documentclass[12pt]{minimal}
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As discussed in recent literature^[@CR39]--[@CR41],[@CR45],[@CR46],[@CR50]--[@CR54]^, the dielectric environment near a monolayer TMD significantly influences both the exciton binding energy and the free-particle bandgap energy. Such "Coulomb engineering" could be used to tune and laterally modulate the band structure of 2D semiconductors using (patterned) dielectrics, with hBN being an obvious choice of dielectric material. From the data and model shown in Fig. [1e](#Fig1){ref-type="fig"}, we directly determine that for hBN-encapsulated monolayer WS$\documentclass[12pt]{minimal}
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Finally, we note that the experimentally determined exciton mass in monolayer WS$\documentclass[12pt]{minimal}
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                \begin{document}$${r}_{0}=3.4\ {\rm{nm}}$$\end{document}$ is about 10% smaller. A discrepancy of similar magnitude was also recently reported for the exciton mass in monolayer WSe~2~ (ref. ^[@CR27]^), suggesting that further refinements of existing theories may be warranted. A possible origin of such discrepancy may be a polaron-related effect^[@CR57]--[@CR60]^, which can give a larger correction to the exciton mass for more highly excited excitons (because their size exceeds the phonon--polaron radius and their binding energy is less than the phonon energy). If refined theories confirm such a scenario, our measurements may provide a way to estimate this polaron effect. As shown below, these differences are even more pronounced in all the molybdenum-based TMD monolayers.
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Following a similar measurement and analysis protocol, we next investigate the high-field magneto-absorption of MoS$\documentclass[12pt]{minimal}
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Figure [2a](#Fig2){ref-type="fig"} shows transmission spectra through an hBN-encapsulated MoS$\documentclass[12pt]{minimal}
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Next, we perform high-field magneto-absorption of hBN-encapsulated MoSe$\documentclass[12pt]{minimal}
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The spectra also reveal approximately similar Zeeman splittings for all the measurable exciton states in monolayer MoSe$\documentclass[12pt]{minimal}
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Finally, we measure hBN-encapsulated MoTe$\documentclass[12pt]{minimal}
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In applied field, both exciton features exhibit a similar Zeeman splitting (Fig. [5b, d](#Fig5){ref-type="fig"}) and clear quadratic blueshifts (Fig. [5c](#Fig5){ref-type="fig"}). The measured diamagnetic shifts are: $\documentclass[12pt]{minimal}
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Magneto-absorption spectroscopy of high-quality hBN-encapsulated MoS$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${}_{2}$$\end{document}$, MoSe$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${}_{2}$$\end{document}$, MoTe$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${}_{2}$$\end{document}$, and WS$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${}_{2}$$\end{document}$ monolayers allows to resolve and follow the field-dependent diamagnetic shifts and splittings of not only the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$1s$$\end{document}$ (ground state) excitons, but also the excited $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ns$$\end{document}$ Rydberg excitons. This permits a detailed analysis and fitting of the data to experimentally determine a number of essential material parameters for monolayer TMD semiconductors including the exciton's reduced mass *m*~r~, the binding energies and rms radii of the various $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ns$$\end{document}$ exciton states, the free-particle bandgap $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${E}_{{\rm{gap}}}$$\end{document}$, and the monolayer's dielectric screening length $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$${r}_{0}$$\end{document}$. These fundamental parameters are listed in Table [1](#Tab1){ref-type="table"}. These results experimentally confirm long-standing expectations of heavier exciton masses and larger dielectric screening lengths as the chalcogen atomic mass increases (from S to Se to Te), and also as the metal atom becomes lighter (from W to Mo). It is anticipated that these experimentally determined material parameters will prove useful for the rational design and engineering of future optoelectronic van der Waals heterostructures that incorporate TMD monolayers and hBN.

It is noteworthy that the measured reduced masses *m*~r~ are consistently and substantially larger than anticipated by modern density functional theories, especially across the entire family of Mo-based TMD monolayers. In addition, together with available ARPES data on hole masses in MoS$\documentclass[12pt]{minimal}
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                \begin{document}$${}_{2}$$\end{document}$ monolayers, our measurements point to surprisingly large electron masses in these materials (about 60--70% larger than predicted). In this context it is also noteworthy that two very recent transport studies^[@CR28],[@CR29]^ have also revealed unexpectedly heavy electron masses in $\documentclass[12pt]{minimal}
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                \begin{document}$${}_{2}$$\end{document}$ monolayers. This suggests that a key ingredient is missing in current DFT calculations. The mass increase revealed by our measurements could for instance be explained by an electron--phonon polaron coupling^[@CR57]--[@CR59]^. The possible role of interface polarons in TMD/hBN structures should also be investigated^[@CR86]^.
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Experimental setup {#Sec13}
------------------

The fiber/sample assembly is mounted in 4 K exchange gas in the tail of a liquid helium cryostat located in the bore of a pulsed magnet. We use both capacitor-driven 65 T pulsed magnets, as well as a unique generator/capacitor-driven magnet capable of ultrahigh fields up to 100 T^[@CR87]^. Broadband transmission spectroscopy is performed by coupling unpolarized white light from a Xe lamp into the single-mode fiber. After passing through the sample and a thin-film circular polarizer, the transmitted light is retro-reflected back through a separate multimode collection fiber, and is detected using a spectrometer and high-speed CCD camera. Spectra are continuously acquired every 1 ms throughout the magnet pulse. Access to both $\documentclass[12pt]{minimal}
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